Improved technique for estimating pleural pressure from esophageal balloons. J. Appl.
Physiol. I g (2) range of balloon volumes there is only a negligible pressure drop across the wall of the balloon itself. Within this range, however, when the balloon is placed in the esophagus balloon pressure increases with balloon volume, presumably as a result of distension and displacement of the esophageal wall and surrounding structures (9, I 3). As a result, the pressure in the esophageal balloon tends to be more positive than pleural pressure, a fact that has been generally recognized.
Since the magnitude of this difference was unknown, little use has been made of esophageal pressure as a measure of absolute pleural pressure. On the other hand, it has been thought that variations in pleural pressure would be reliably recorded from such balloons, the assumption being that the influence of balloon volume per se on pressure does not change with lung volume. The present study shows that this is not the case. An effect of balloon volume on the recorded pressure was found which increased at both extremes of the vital capacity. As a result, volumepressure curves for lungs based on esophageal pressures are distorted at these lung volumes. displacement coefficient of the catheter-manometer unit used, changes in balloon volume resulting from pressure changes were small.
The balloon was introduced through the nose into the esophagus and placed at a distance of 45 cm from the balloon tip to the nares. Prior to each measurement the balloon was emptied by having the subject perform a Valsalva maneuver while the catheter was open to the atmosphere.
The balloon was then connected to a syringe and 8 ml air were introduced in order to distend the walls of the balloon evenly. Following this, air was withdrawn into the syringe until the desired amount (0.2-5 ml) remained in the balloon, and the catheter was connected to the manometer. All measurements were made at balloon volumes where there was a negligible pressure drop across the balloon wall. Changes in balloon volume, resulting from pressure variations in the closed balloon-catheter-manometer system, were taken into account. To obtain consistent results it was found necessary to standardize the procedure as follows. Before each measurement the subject performed three full inspirations.
At the end of the third full inspiration, he exhaled stepwise to fixed lung volumes until residual volume was attained. Each lung volume was maintained (glottis open) long enough to measure the static esophageal pressure (in general for 2-4 set). During the period of breath holding esophageal pressure did not change appreciably, except at total lung capacity where it decreased markedly with time (5) . At this lung volume only the most negative values of esophageal pressure were taken into consideration.
All data were obtained during lung deflation and were repeated at least two times. L4 typical record is shown in Fig. I . Figure 2 illustrates the relationship between esopha.geal pressure (Pes) and balloon volume (Ves) obtained at various lung volumes in subject ME. At a constant lung volume esophageal pressure increased linearly with balloon volume. The change in esophageal pressure resulting from a unit change in balloon volume, i.e., APes/AVes, varied at different lung volumes, being greatest at the extremes of the vital capacity. Figure 3 shows corresponding lung volume-esophageal pressure curves.
RESULTS
In five of the other subjects studied, the relationship between Pes and Ves at any given lung volume was also found to be approximately linear. AVes obtained at different lung volumes are shown in Fig. 4 together with the results obtained on the subject in Fig. 2 . In all these subjects APes/AVes increased as total lung capacity or residual volumes were approached. In the other two subjects studied (JM and RK), the relationship between balloon volume and esophageal pressure was approximately linear only at balloon volumes greater than about 2 ml (Fig. 5) . In both subjects the changes in esophageal pressure resulting from changes in balloon volume tended again to be greatest at the extremes of the vital capacity.
The lung volume-pressure curves based on esoph.ageal pressures extrapolated to zero balloon volume for the eight subjects studied are given. in Fig. 6 .
DISCUSS1 ON
Our results confirm the previous finding that esophageal pressure increases with balloon volume (9, I 3).
In addition we have found that the effect of balloon volume on esophageal pressure is greatest at both extremes of the vital capacity, particularly so at the high lung volumes. 6. Lung volume-pressure curves based on esophageal pressure extrapolated to zero balloon volume for the eight subjects.
MILIC-EMILI, MEAD, TURNER, AND G-LAUSER have been used; the shorter and narrower the balloon, the larger are the changes in pressure produced by a given balloon volume and, hence, the larger the distortions (I 3). An additional source of error is introduced by catheter-manometer systems with large volume displacement coefficients (I 2, I 3), as illustrated in Figs. 2  and 3 . Finally, errors may 'also be introduced if the balloon extends into the upper third of the esophagus (I I )* The dimensions of the balloon in the present study represent an attempt to minimize the effect of balloon volume while avoiding the upper part of the esophagus. Accordingly, the balloon had a larger perimeter than in most previous studies. Its length was, however, limited to I o cm, since with longer balloons it is difficult to avoid the upper third of the esophagus unless part of the bal- -. Pes = Peso < d2 X Esp )( Grad X Ves where Peso is the esophageal pressure at zero balloon volume at the uppermost point of the IO-cm long balloon, Esp is the specific elastance of the esophagus (i.e., the ratio of pressure change to balloon volume for a unit length of the esophagus), and Grad is the pressure gradient along the esophagus (i.e., the change in pressure at zero balloon volume per unit variation in level along the esophagus).
Peso and Grad were obtained as described elsewhere (I I ) ; Esp was obtained from pressure-volume measurements made with a short balloon (length, 2 cm; perimeter, 3.5 cm; wall thickness, 0.06 mm) as previously described (I 3). In agreement with the results of previous studies (9, 13) the relationship between esophageal pressure and balloon volume was, in general, approximately linear. In two of our subjects, however, this was not true at low balloon volumes. We felt that this might be explained by nonuniformity of esophageal pressure over the segment of esophagus encompassing the balloon. If a balloon containing a small volume of gas is placed in a region of the esophagus where pressure is not uniform from point to point, the gas will be displaced to the more negative points, and the remainder of the balloon will be collapsed. With increasing balloon volume the pressure inside the balloon increases as a result of distention and displacement of the esophageal wall and surrounding structures. Accordingly, the segment of balloon containing gas must increase progressively until it comprises the whole length of the balloon.
Since the longer the length of the air-containing segment the smaller the strain on the esophageal wall and its surrounding structures induced by a given change in balloon volume, the slope APes/AVes will decrease with increasing balloon volume until the balloon is distended along its entire length. Changes in esophageal pressure resulting from any further increase in balloon volume will reflect the volume-pressure relationship of the segment of esopha.gus encompassing the entire balloon, which appears to be linear within our experimental limits. Since the topography of esophageal pressure had been measured in three of our subjects (I I), it was possible to test this hypothesis. In line with our expectations, in subjects A4E and NF, who exhibited a linear relationship between esophageal pressure and balloon volume, the esophageal pressures at zero balloon volume were found to be relatively uniform in the segment of the esophagus encompassing the present balloon.
This was not the case for subject JM, one of the two subjects with nonlinear Pes versus Ves curves. Since in this subject in the region of the esophagus occupied by the present balloon a) esophageal pressure at zero balloon volume increased approximately linearly with descent along the esophagus (I I) (Fig. 4) , and b) the mechanical properties of the esophagus, as expressed by the ratio of pressure change to balloon volume for a unit length of the esophagus or "specific" elastance of the esophagus (13), have been shown to be uniform in the segment of esophagus concerned, the relationship between Pes and Ves can be predicted. Figure 7 shows the predicted relationship between Pes and Ves at 40 and 80% of the vital capacity together with the experimental data for subject JA4. It can be seen that the experimental results are in good agreement with the predicted values, lending further support to the hypothesis that nonuniformity of esophageal pressure accounted for the instances of nonlinearity in the relationship between esophageal pressure and balloon volume. 
